Abstract. The aim of the present study was to investigate the mechanisms for impaired skin wound healing in subjects with diabetes. Type 1 diabetes (T1DM) was induced in BALB/c mice using streptozotocin. One month after the establishment of the T1DM mouse model, a wound was formed on the back of the mice, and tissues from the wounds and the margins were collected on days 0, 3, 7 and 10. Protein levels of cluster of differentiation 31 (CD31) were detected using immunohistochemistry, and the mRNA levels of Akt, hypoxia-inducible factor-1α (Hif-1α), vascular endothelial growth factor (Vegf ), VEGF receptor 2 (Vegfr2), stromal cell-derived growth factor-1α (Sdf-1α) and CXC chemokine receptor 4 (Cxcr4) were determined using reverse transcription-quantitative polymerase chain reaction analysis. The corresponding protein levels were determined using western blotting. The skin wound healing rate in the T1DM mice was significantly lower than that in the control mice, and the protein level of CD31 in the wounded skin of the T1DM mice was significantly decreased. Furthermore, the overall mRNA levels of Akt, Vegf, Vegfr2, and Cxcr4 in the T1DM mice were significantly lower than those in the control mice, and similar trends were observed in the protein levels. In conclusion, skin wound healing was impaired in the T1DM mice, and this may have been caused by a deficiency of Akt/HIF-1α and downstream signaling, as well as delayed angiogenesis.
Introduction
Diabetes mellitus is a chronic disease threatening the health of individuals worldwide (1) . There are multiple, often serious, complications associated with diabetes mellitus, one of which is impaired healing, which can lead to a reduction in physical activity and, in certain cases, chronic wounds and limb amputation (1, 2) . An imbalance between the pro-and anti-inflammatory mediators accentuates diabetic vascular complications and impedes proper wound healing (3) . Other factors that contribute to deficient healing in patients with diabetes include altered host responses; attenuated antibacterial defenses; prolonged inflammation; changes in protease activity; insufficient cell production for rapid and robust healing; angiogenic disorders; decreased production of growth factors; inadequate extracellular matrix production; and changes in apoptosis (1) (2) (3) (4) (5) .
Wound healing is a complex process involving inflammation, granulation tissue formation, the production of new structures and tissue remodeling (2) . The process is dependent upon a series of interactions between a variety of cell types, cytokine mediators and the extracellular matrix (1) . In order for wound healing to be successful, a sufficient number of cells must be generated to participate in the repair (2, 6, 7) . Processes that have a negative effect on the generation of an adequate cell number, such as inappropriately high levels of fibroblast apoptosis, may limit healing (6, 7) .
Hypoxia-inducible factor (HIF)-1 is a master regulator of oxygen homeostasis and is comprised of HIF-1α, a finely regulated subunit, and HIF-1β (also known as ARNT), a ubiquitously expressed subunit (8) . HIF-1 controls the expression of ~70 genes involved in several aspects of cancer progression, including angiopoietin (Angpt), vascular endothelial growth factor (Vegf), VEGF receptor 2 (Vegfr2), stromal cell-derived growth factor-1α (Sdf-1α), CXC chemokine receptor 4 (Cxcr4) and platelet-derived growth factor (Pdgf). The expression of mRNAs encoding Vegf, Angpt1, Angpt2, Pdgf-B and placental growth factor is impaired in wounds of genetic diabetic mice (9) . Previous studies have shown that impaired Hif-1α and Vegf expression in the skin of limbs leads to decreased vascular vessel density, poor blood circulation and impaired wound healing, which are important causes of diabetic foot injury (10, 11 Animals. Sixty 6-week-old BALB/c male (n=30) and female (n=30) mice (20±2.0 g) were provided by the Animal Center of the General Hospital of Guangzhou Military Command (Guangzhou, China). The mice were fed food and water ad libitum in plastic cages at 21±2˚C and maintained on a 12-h light/dark cycle with a relative humidity of 40-50%. The mice were allowed to acclimate for one week prior to the study.
Establishment of a T1DM mouse model. The T1DM mouse model was established with STZ, as described previously (13) . The mice were randomly divided into control and T1DM groups. The mice were fasted for 14-16 h with free access to water, and injected intraperitoneally with 1% STZ (40 mg/kg) in the T1DM group and an equal volume of citric acid buffer solution (0.1 mmol/l, pH 4.4) in the control group. The mice were injected once a day for 5 days and could access water and food freely following injection. Tail vein blood was collected to measure blood glucose levels using a blood glucose meter. The model was considered to be successful when random blood glucose levels were >16.7 mmol/l (14).
Sample collection. Four weeks after the establishment of the T1DM mouse model, the animals were anesthetized with 1% chloral hydrate. Following the disinfection of the back, a portion of the skin (full thickness skin near the neck) with a 6-mm diameter was removed by a special puncher. No drugs were used to treat the wounds and the mice were fed individually. The full thickness skin of the wounds and the margins were collected on days 0, 3, 7 and 10 after trauma, and immediately stored in liquid nitrogen for further study.
Calculation of wound healing rate. The wound area was calculated on days 0, 3, 7 and 10 after the trauma. Images of the wounds were captured using a digital camera with a scale bar and the wound area was calculated with Image-Pro Plus software (version 6.0; Media Cybernetics, Inc., Rockville, MD, USA). The wound healing rate was calculated with the following formula: Wound healing rate = [(Initial wound healing area) -(wound healing area on day N)]/(initial wound healing area) x 100%.
Immunohistochemistry. Paraffin sections (5-µm) were generated from the wound and margin tissues. The sections were infused in xylene three times (10 min/time) and subjected to ethanol infusion (90, 75 and 50%, each for 3 min) and double-distilled H 2 O (3 min). For the immunohistochemical staining, the sections were boiled in antigen restoration solution (cat. no. P0081; Beyotime Institute of Biotechnology, Haimen, China) for 3 min and cooled naturally. Following cooling, the sections were incubated with 3% H 2 O 2 at room temperature for 10 min and blotted with 3% horse serum for 1 h. The sections were subsequently incubated with primary antibodies at 4˚C overnight. All steps were performed in accordance with the instructions provided by the manufacturer of the GTVision™ III Detection System/Mo&Rb (cat. no. GK500705; Gene Tech Co. Ltd., Shanghai, China). The nuclei were stained with hematoxylin and eosin.
RT-quantitative polymerase chain reaction (qPCR).
Total RNA was extracted from the tissues using TriPure reagent in accordance with the manufacturer's instructions (Roche). A total of 1 µg total RNA was used for the RT reaction under the following conditions: 42˚C for 20 min and 99˚C for 5 min. The level of gene expression was subsequently determined using SsoFast™ EvaGreen ® Supermix (Bio-Rad, Hercules, CA, USA) on a CFX96 Touch™ Real-Time PCR Detection system (Bio-Rad) with the following cycle conditions: 94˚C for 15 sec; 58˚C for 30 sec; and 72˚C for 30 sec (40 cycles). Target gene expression was normalized to that of β-actin. The primer sequences are listed in Table I . All primers were synthesized by Life Technologies (Guangzhou, China).
Western blotting. Wound and margin tissues were collected and washed twice with ice-cold phosphate-buffered saline. Following washing, the tissues were lysed in radioimmunoprecipitation assay lysis buffer (Beyotime, Wuhan, China), containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonylfluoride, 0.15 U/ml aprotinin and 1 mg/ml pepstatin. Whole lysates were collected and the proteins were separated using SDS-PAGE and transferred onto polyvinylidene fluoride membranes. A blocking step was then performed using 5% bovine serum albumin (Sigma-Aldrich) at room temperature for 1 h, and the blots were incubated with primary antibody at 4˚C overnight and with secondary antibody at room temperature for 1 h. Following incubation, the blots were washed extensively, developed using a chemiluminescent assay kit (Cell Signaling Technology, Inc.) and exposed to films (Kodak, Rochester, NY, USA) for the appropriate periods of time. The immunoblot band densities were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA) and normalized with β-actin. Statistical analysis. Data are expressed as the mean ± standard deviation and were analyzed using SPSS software (version 13.0; SPSS Inc., Chicago, IL, USA). A W test was used to evaluate normality within the group, and the Student's t-test was used to evaluate the difference between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Wound healing rate is decreased in T1DM mice. One month after the establishment of the T1DM mouse model, blood glucose levels were significantly higher in the T1DM group than those in the control group (23.07±7.43 vs. 6.40±1.25 mmol/l, P<0.01), with a decrease in body weight (20.32±4.76 vs. 26.83±1.27 g, P<0.05) (Fig. 1A) . During the wound healing process, the wound healing rate of the T1DM group was significantly lower than that of the controls [0.07±0.05 vs. 0.25±0. 10 Vascular vessel formation is impaired in T1DM mice. CD31 is a specific marker widely used for vascular vessel identification (15) . In the following experiments, CD31 protein levels were detected in the wounded skin of control and T1DM mice. During the wound healing process, the integral optical density of CD31 in the T1DM group was not statistically different from that in the control group on day 3 (0.31±0.05 vs. 0.32±0.02, P=0.420), while it was significantly lower than that in the control group on day 7 (0.39±0.09 vs. 0.57±0.10, P=0.0001) and day 10 (0.62±0.18 vs. 0.87±0.16, P=0.0001) (Fig. 1C) . These results suggested that skin wound healing was impaired in the T1DM mice.
Akt/HIF-1α and downstream signaling is attenuated in T1DM
mice. The mRNA levels of Akt, Hif-1α, Vegf, Vegfr2, Sdf-1α and Cxcr4 were detected in the wounded skin. As shown in Fig. 2 , the mRNA levels of these genes generally reached a peak on days 3 and 7, while the overall mRNA levels in the T1DM group were significantly lower than those in the control group (P<0.05). Furthermore, the protein levels of HIF-1α, Akt, VEGF, VEGFR2, SDF-1α and CXCR4 were detected using western blotting. The protein levels of HIF-1α (P=0.006), Akt (P=0.025), VEGFR2 (P=0.003) and CXCR4 (P=0.032) in the T1DM group were significantly lower than those in the control group on day 0, while on day 3 the protein levels of HIF-1α, Akt, VEGF, SDF-1α and CXCR4 were significantly lower than those in the control group (P<0.01). The protein level of CXCR4 was significantly higher (P<0.05), while the overall protein levels of HIF-1α, Akt, VEGF, VEGFR2 and SDF-1α were significantly lower in the T1DM group than those in the control group (P<0.01, Fig. 3 ).
Discussion
Diabetes affects ~170 million individuals worldwide (1) . By 2030, this number is expected to reach 438 million (16) . Diabetic non-healing wounds, such as diabetic foot ulcer (DFU), are a major cause of morbidity in diabetic patients, often leading to infection, suffering and a poor quality of life. Despite existing protocols for standardized care, physiological defects associated with DFU can result in failure to heal, amputations or patient mortality (17) . Stem cell-based autologous cell replacement therapy is considered to be a promising approach, yet remains in its infancy (18) . Gene therapy is another potential approach for the treatment of diabetic wounds. The key issues of wound healing and tissue regeneration are how to restore the function of endothelial cells and promote tissue angiogenesis. In the present study, it was found that wound healing was impaired in T1DM mice, which was caused by decreased vascular vessel formation and deficient angiogenic signaling.
PI3K/Akt signaling is required for VEGF expression via HIF-1 in response to growth factor stimulation (19, 20) . Hif-1α, hypoxia-inducible factor-1α; Vegf, vascular endothelial growth factor; Vegfr2, VEGF receptor 2; Sdf-1α, stromal cell-derived growth factor-1α; Cxcr4, CXC chemokine receptor 4.
Following the formation of skin wounds, HIF-1α is upregulated through hypoxia and PI3K/Akt signaling, leading to the upregulation of the levels of downstream angiogenesis-related factors, such as VEGF, SDF-1α and CXCR4, the promotion of angiogenesis and the establishment of collateral circulation (21-23). VEGF is a major regulator of angiogenesis and induces the migration and proliferation of vascular vessel endothelial cells, promoting an increase in vasopermeability and angiogenesis and ameliorating wound blood supply. SDF-1α/CXCR4 signaling can regulate the mobilization, homing, differentiation and amplification of multiple hemopoietic stem cells and circulating angiogenic cells (24) . SDF-1α participates in angiogenesis by stimulating endothelial cells to express VEGF and synergistically promoting the recruitment of endothelial progenitor cells to wounds (21) . Suppression of SDF-1α leads to decreased numbers of vascular vessels and granulation tissues and aggravation of the inflammatory response, severely impairing the normal wound healing process (22) ; therefore, Akt/HIF-1α signaling and downstream pro-angiogenic factors play a critical role in the progression of diabetic wound healing. In the present study, expression of the Akt/HIF-1α axis and downstream genes was decreased in the T1DM mice prior to wound formation, which could explain the reduced angiogenesis and the delay in wound healing. High blood glucose levels in diabetic mice decrease HIF-1 activity and impair diabetic wound healing, which is closely correlated with decreased Akt, HIF-1α and downstream signaling levels. A previous study has shown that high glucose concentrations lead to increased levels of hyperoxide, inducing the accumulation of pyruvaldehyde within the cells, and decreasing the protein levels and the transcriptional activity of HIF-1α (25) . The present experiments showed that Akt expression increased during wound formation, which stimulated the expression of HIF-1α and downstream genes, with the expression reaching a peak on days 3 and 7. The expression of HIF-1α and downstream genes increased on days 3 and 7, which suggests that the expression of HIF-1α and downstream genes is correlated with the proliferation period of wound healing. The increased expression of HIF-1α and downstream genes on days 3 and 7 could be caused by the cells entering proliferation periods, which were characterized by granulation tissue formation in the wounds and gradual epithelialization, between 3 and 14 days after wound formation. Angiogenic endothelial cells and fibroblasts are important sources of VEGF and SDF-1α (26) . The hypoxic environment during the early stages of wound formation stimulates Akt/HIF-1α and downstream signaling, while the expression of the HIF-1α and downstream genes decreases following the improvement of the hypoxic environment. Figure 2 . mRNA levels associated with Akt/HIF-1α signaling in T1DM mice. BALB/c mice were randomly divided into control and diabetic groups (n=30 per group). Mice in the control and diabetic groups were respectively injected with citric acid buffer solution or streptozotocin for 7 days, respectively. Skin wounds were created one month after the establishment of the T1DM mouse model, and the wounded skin was collected on days 0 (n=6), 3 (n=8), 7 (n=8) and 10 (n=8). Total RNA was extracted and the mRNA levels of (A) Hif-1α, (B) Akt, (C) Vegf, (D) Vegfr2, (E) Sdf-1α and (F) Cxcr4 were detected using a reverse transcription-quantitative polymerase chain reaction and normalized with β-actin (internal control). Error bars are the mean ± standard deviation for 6-8 mice. * P<0.05 vs. control group. T1DM, type 1 diabetes; Hif-1α, hypoxia-inducible factor-1α; Vegf, vascular endothelial growth factor; Vegfr2, VEGF receptor 2; Sdf-1α, stromal cell-derived growth factor-1α; Cxcr4, CXC chemokine receptor 4. Figure 3 . Protein levels of Akt/HIF-1α signaling in T1DM mice. BALB/c mice were randomly divided into control and diabetic groups (n=30 per group). Mice in the control and diabetic groups were injected with citric acid buffer solution or streptozotocin for 7 days, respectively. Skin wounds were created one month after the establishment of the T1DM mouse model, and the wounded skin was collected on days 0 (n=6), 3 (n=8), 7 (n=8) and 10 (n=8). Total protein was extracted and the protein levels of HIF-1α, Akt, VEGF, VEGFR2, SDF-1α and CXCR4 were detected with western blotting. Relative band intensity was analyzed with ImageJ software (National Institutes of Health, Bethesda, MD, USA) and normalized to β-actin (loading control) levels. Data are presented as the mean ± standard deviation for 6-8 mice. In the present study it was found that the mRNA and protein levels of VEGFR2 in the T1DM group were lower than those in the control group on day 7. The total levels of VEGFR2 in the present study were analyzed and the level of phosphorylated VEGFR2 was detected in our future studies to identify changes in activated VEGFR2; however, the role of VEGFR1 is unclear during skin wound healing, and could be analyzed in further studies.
During wound healing, the overall levels of Akt, HIF-1α, VEGF, VEGFR2, SDF-1α and CXCR4 decreased in the T1DM mice, leading to a deficiency in angiogenesis and disorders of granulation tissue formation, which could explain the delayed wound healing in subjects with diabetes. The pathways affecting HIF-1α activity and the importance of these pathways remain unknown. A constitutively active Hif-1α transgene has been used as a therapeutic strategy in patients with no-option critical limb ischemia in a phase I dose-escalation study (27) ; therefore, gene therapy targeting Hif-1α or Hif-1α regulators may bring new hope for the clinical treatment of diabetic wounds.
